Background: Localizing small or deep pulmonary nodules or subsolid groundglass opacities often is difficult during video-assisted thoracoscopic surgery (VATS) or robotic-assisted thoracoscopic surgery (RATS). This can result in larger resections or conversion to thoracotomy. The goal of this study is to evaluate the role of electromagnetic navigational bronchoscopic localization (ENBL) as a safe and accurate intraoperative method to localize small, deep, or subsolid nodules.
for 28% of annual cancer mortality. There is therefore a justified concern when indeterminate nodules are discovered on imaging studies. In addition, there has been an exponential increase in the number of chest imaging studies, especially computed tomography (CT) scans. This is attributable to several indications, including lung cancer screening for at-risk individuals, evaluation of cardiopulmonary disease, and to rule out pulmonary metastatic disease. As the result of these factors, thousands of individuals will be found to have indeterminate pulmonary nodules (IPNs).
It is interesting that the National Lung Cancer Screening Trial, which demonstrated that participants who received low-dose helical CT scans had a relative reduction in mortality from lung cancer of 20% with low-dose CT screening also demonstrated that 96.4% of the positive screening results were false-positive results. 1 It is therefore important to set criteria for those nodules with high probability of malignancy. This often depends on the patient's risk factors but, in general, when the screened nodule persists or enlarges on serial scans or has a solid component !5 mm, the risk of malignancy is high. 2 The nonsurgical options for biopsy of an IPN include image-guided percutaneous or endoscopic modalities. Unfortunately, most of these nodules are difficult to biopsy with these techniques because of their small size, deep location, or their subsolid nature in the case of groundglass opacities (GGO). 3, 4 In fact, these same characteristics also make them frequently difficult to visualize and palpate during minimally invasive or even open surgical procedures. An example of such a nodule can be seen in Figure 1 . This nodule is small (8 mm) and located in an area difficult to biopsy or palpate. It had no visible pleural reaction at the time of surgery.
Because the standard for surgical lung biopsy has shifted from thoracotomy to thoracoscopy as the result of its many proven benefits, so too has the ability of the surgeon to rely on bimanual palpation for localization of an IPN. It has therefore been necessary to develop techniques that can assist the surgeon in accurately localizing such a nodule to avoid the possibility of missing the lesion, converting to thoracotomy, or having to unnecessarily perform a larger resection.
Numerous techniques for localization of pulmonary nodules before resection have been described, mostly in the form of preoperative, CT-guided placement of hooks, coils, radiotracer, and dyes. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Endoscopic techniques also have been described, including both fluoroscopyguided 21 and, more recently, electromagnetic navigational bronchoscopic localization (ENBL) [22] [23] [24] [25] for the placement of dye markers or fiducials. Each method has advantages and disadvantages. They all share the potential for causing pneumothorax, contusion, bleeding, and in the case of wires, possible dislodgement. In addition, the fact that the team doing the localization usually is not the same as that performing the surgery creates a potential for miscommunication regarding the location and proximity to the nodule. Intraoperative options, in contrast, include using single digital palpation of the lung or ultrasound probe localization. 26, 27 ENBL has been available for more than a decade. It was designed to localize and guide endoscopic tools through the airway to a target lesion. The system consists of an electromagnetic tracking system that detects a position sensor incorporated into a flexible catheter which can be advanced through a bronchoscope. An electromagnetic field is generated by a localization system (a processor, amplifier, and a location board). When the sensor is placed within the FIGURE 1. Example of a small 8-mm nodule that is difficult to percutaneously biopsy or thoracoscopically palpate. At the time of surgery, there also was a lack of pleural reaction other than the injected dye. Frozen section examination of the wedge resected nodule confirmed it to be a granuloma. Although initially developed for biopsies, it also has been used successfully in localization techniques and the placement of fiducials for radiation therapy. It has become widely available and currently is used by both thoracic surgeons and pulmonologists.
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The purpose of our study was to determine whether intraoperative ENBL of IPNs by the same thoracic surgeon performing the resection can provide a safe and effective modality for sublobar resection of an IPN via thoracoscopic techniques.
MATERIAL AND METHODS
After approval from the institutional review board, the thoracic surgery database at our institution was reviewed retrospectively. All patients who underwent a combined ENBL of a lung nodule followed by resection from May 2013 to August 2015 were included. The lung resections were all performed by a single surgeon. A multidisciplinary team that includes thoracic surgeons, chest radiologists, and interventional pulmonologists evaluates all our patients who undergo surgery for suspicious nodules. Careful study of the CT scans also was performed routinely to identify the segmental location of these nodules. Any nodule that was clearly confined within segmental borders (eg, lower lobe superior segment) was not selected for ENBL and simply underwent resection of that segment. The same team also determined the need for preoperative biopsy of these nodules. In our institution, diagnosis of peripheral nodules is attempted mostly by CT-guided needle biopsy whereas that of more central ones by ENBL. Thirty-eight patients underwent attempted biopsy with inconclusive results, whereas 13 patients had nodules deemed too small or inaccessible. The patients selected to undergo this procedure were those who had nodules that were deemed as potentially difficult to localize as the result of small size, deep location, or subsolid nature.
Data were collected on both patient and nodule specific characteristics. Patient demographics and comorbidities were identified. Various characteristics of the nodules, including number, location, size, and depth from the pleural surface of the lung, also were collected. In addition, data were collected on operative characteristics, final pathology, and clinical outcome. The histopathology of the resected nodules was classified according to the World Health Organization criteria of 2015.
Data Analysis and Statistical Considerations
The baseline patient and nodule specific characteristics, operative characteristics, final pathology, and clinical outcome were reported with the use of descriptive summary statistics such as mean, standard deviation, and range for a continuous variable (eg, age and size of nodule) and frequency and percentage for a categorical variable (eg, sex and comorbidities).
ENBL Planning and Procedure
During the preoperative planning phase, a CT scan was obtained with 1-mm slices. Mapping was performed with the superDimension Electromagnetic Navigation Bronchoscopy system (iLogic, Minneapolis, Minn). The first step involved loading the CT images onto the virtual bronchoscopy planning software. The software then reconstructed axial, coronal, sagittal, and virtual bronchoscopic views. After we identified various anatomical registration points (carina and each lobar orifice), the target lesion was outlined and a pathway from the trachea to the target was mapped.
The navigation procedure was performed after the patient was intubated with a single lumen endotracheal tube. After a routine surveillance bronchoscopy, a locatable guide, which allows for tracking of position and orientation inside an extended working channel, was inserted into the bronchoscope. Registration was then performed, which correlated the anatomy seen on the CT scan with the images obtained during the bronchoscopy. The virtual planned pathway was then followed down to the target nodule. Fluoroscopy was used to determine the position of the locatable guide (Figures 2 and 3 ), which subsequently was removed and a bronchoscopy needle inserted into the extended working channel. After confirmation of the location of the needle with fluoroscopy, 1 mL of a marker solution was injected into the nodule. When the nodule was more FIGURE 2. The monitor on the left depicts fluoroscopic confirmation of the tip of the catheter in position to inject the dye. The monitor on the right displays the CT scan and planned pathway to the nodule. than 20 mm deep, a second injection of 0.5 mL was administered close to the overlying pleura.
Initially, we used methylene blue dye (MB) with fiducials for our first 2 patients. We found little benefit from using the fiducials and therefore switched to MB only for the next 19 patients in the study. In our experience, however, the MB dye tended to diffuse into the surrounding lung parenchyma, as has been reported by others. 23, 29 In addition, we felt there was a benefit to being able to monitor the injection under fluoroscopy, which already is available for the ENBL procedure. We therefore switched to a mixture of Isovue (Bracco Diagnostics, Konstanz, Germany), which enables fluoroscopic detection, MB, which is readily visualized on the pleura, and indocyanine green (ICG), which is detectable as fluorescent green, while using the near infrared (NIR) laser-equipped robotic endoscope (Firefly Mode; Intuitive Surgical Inc, Sunnyvale, Calif). We used the same dose described by Yamashita and colleagues, 30 ie, 1 to 2 mL injected bronchoscopically into or adjacent to the tumors. In our experience the MB allows initial visualization of the general location of the nodule but tends to rapidly diffuse to a larger area whereas ICG tends to remain more localized at the site of injection. This quality of ICG also has been corroborated by other investigators. 24 
Surgical Procedure
Immediately after ENBL, an ipsilateral bronchial blocker was inserted and the patient turned in the lateral decubitus position. After placing the first robotic 8-mm port, usually in the eighth or seventh intercostals space, we began with thoracoscopy for initial evaluation of the pleural space and for accurate placement of the remaining robotic ports. Unless there was a clear indication to convert to thoracotomy because of adhesions or if the nodule was superficial and readily accessible to simple video-assisted thoracoscopic surgery (VATS) resection, we proceeded with placement of 3 other 8-mm ports in the same intercostal space in addition to a 15-mm assistant port in the 10th subcostal space.
After placement of all the planned ports, digital palpation of the lesion routinely was attempted for all potentially palpable nodules. No additional utility incisions were made for lesions too far from the port sites. After docking the robotic arms, we proceeded with robotic-assisted sublobar resection (wedge resection or segmentectomy) after identification of the dye-marking (Figures 4-7 , Video 1). Intraoperative pathologic frozensection analysis was obtained for all nodules. Further anatomical resection, including segmentectomy and lobectomy, was performed if a nodule was confirmed to be primary lung cancer, if the margin was too small, or if the nodule was not identified in the resected specimen. All of the patients with primary lung cancer also underwent systematic mediastinal lymph node dissection. On completion, an intercostal nerve block was performed from the sixth to the 10th intercostal nerves and a chest tube was placed through the anterior port site followed by re-expansion of the lung and checking for air leaks. 
RESULTS

Patient Characteristics
Between May 2013 and August 2015, 51 patients (26 male and 25 female) underwent ENBL of 1 or more IPNs followed by immediate resection ( Table 1 ). The mean age was 62.6 years (41-86 years). A history of smoking or chronic obstructive pulmonary disease was present in most patients (88.2% and 60.8%, respectively). Seven patients (13.7%) had previous ipsilateral thoracotomies.
Nodule Characteristics Preoperative data. There were 54 nodules in total with 3 patients having 2 nodules each (Tables 2 and 3 ). The nodules were located predominantly in the right upper lobe and left lower lobe. The mean preoperative largest nodule diameter on CT scan was 13.3 mm, with a range of 4 to 44 mm. The mean distance from the surface of the lung to the middle of the nodule was 22 mm, with a range of 4 to 38 mm. Thirty-one nodules were solid (57.4%), whereas 23 were GGO (42.6%).
The mean largest diameter of solid nodules was 12.6 mm and comparable with that of GGOs (13.9 mm). In contrast, the distance from the pleural surface for solid nodules was greater than that for GGOs (24.1 mm vs 18.9 mm), which suggests a tendency to consider ENBL more for solid nodules deeper than GGOs, for which the subsolid nature makes it difficult to visualize or palpate even superficial lesions (Table 3) . Postoperative data. All 54 nodules were resected successfully via a sublobar technique. Pathologic examination showed the mean weight of the resected specimen to be 31.9 g and the mean largest nodule diameter to be 13.9 mm, with a range of 4 to 25 mm. Final pathology revealed benign disease in 11 (20.3%) and malignancy in 43 (79.6%) of the 54 nodules. The most common benign diagnosis was granuloma (5, 9.3%). Malignancy included adenocarcinoma (32, 59.2%), squamous cell carcinoma (2, 3.7%), metastatic disease (7, 13%), and neuroendocrine tumor (2, 3.7%). Three patients had 2 nodules each. One patient had a single adenocarcinoma plus a second granuloma, another had a neuroendocrine tumor plus a second inflammatory nodule, whereas the third had 2 separate adenocarcinomas.
Operative Characteristics
The mean total operative time was 212 minutes whereas the mean procedural time for the ENBL 29.1 minutes ( Table 4 ). The dye used was MB only for the first 21 patients and a mixture of Isovue, MB, and ICG in the remaining 30 patients. In addition, a fiducial also was placed at the site of the nodule in the first 2 procedures. The dye was clearly visible after all 54 localizations (100%). Fifty-three of the 54 nodules were identified within the resected specimen (98.1%). One nodule (1.9%) was not found in the initial wedge-resection. Subsequently, the nodule was resected by robotic-assisted thoracoscopic surgery (RATS) right lower lobe posterior basilar segmentectomy adjacent to the initial staple line.
The procedure was completed with the use of minimally invasive thoracoscopic surgery in 49 patients (96%), and initial sublobar resection of the nodule was accomplished in all 51 patients (100%). Two patients underwent only VATS wedge resection, and in both cases, the nodules were readily visible and palpable, allowing a simple diagnostic wedge resection through a single incision without the need for robotic resection. Two patients required conversion to a thoracotomy secondary to dense adhesions but after pneumolysis the dye marking was clearly seen in both cases and corresponded to the location of the nodules. One of these patients had actinomycosis and the second patient had previous ipsilateral thoracotomy. The remaining 47 patients (92.2%) underwent RATS for resection.
The type of initial sublobar resection of the nodule was either wedge resection (38, 73.1%) or anatomical segmentectomy (14, 26.9%) . No initial lobectomies were 
Clinical Outcomes
There were no mortalities at 90 days ( Table 5 ). The mean hospital length of stay was 3.9 days (2-16). Postoperative complications were noted in 6 patients (11.8%) and included atrial fibrillation (2, 3.9%), acute renal failure (2, 3.9%), reintubation for hypoventilation (1, 2%), and recurrent pneumothorax requiring chest tube reinsertion (1, 2%).
DISCUSSION
Despite the well-recognized advantages of thoracoscopic minimally invasive surgery, there is likewise an undisputed fact that small, deep, or subsolid pulmonary nodules can be difficult to localize by these techniques. In fact, they can be difficult to find even with thoracotomy. When such nodules cannot be located accurately, the surgeon must spend more time searching for the nodule and may be inclined to proceed with a larger resection. 31, 32 Frequently, the surgeon will even convert to thoracotomy to attempt bimanual palpation. 33 Indications for preoperative localization of pulmonary nodules have been suggested depending on various factors, including size, depth from surface, and density of nodule. In one study, if the distance of the nodule from the pleural surface was greater than 5 mm or if the nodule was less than 10 mm in size, there was a 63% probability of failure to detect the nodule. 33 Nakashima and colleagues 34 developed 3 criteria for preoperative localization: (1) nodule diameter of 5 mm or less; (2) ratio of maximum diameter of nodule to minimum distance between pleural surface and inferior border of nodule of 0.5 or less; and (3) nodule is of low density on CT. They argued that preoperative localization should be considered if at least 2 of these criteria were met. 34 It is our opinion that the experience of the surgeon in evaluating the CT scan is equally important in deciding when a nodule may be difficult to localize.
Attempts at preoperative localization of lung nodules are not new. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In 1994, Lenglinger and colleagues 5 described CT-guided percutaneous staining of pulmonary nodules with MB. Since then, numerous other techniques have been described and perhaps the most popular is CT-guided hook wire placement. Ichinose and colleagues 7 described this technique in 417 patients with 500 lesions. Localization was nearly universal but was associated with a complication rate of 15.1% that included pneumothorax requiring chest tube placement (4.6%), hemoptysis, and pulmonary hematoma (10.3%). Although the authors described a very low incidence of wire dislodgment (0.4%), this is not always the case. Dislodgement of the wire can occur due to an iatrogenic pneumothorax by the wire or at the time of surgery after initiation of thoracoscopy or while manipulating the lung. 10, 11, 14 Intraoperative ultrasound-guided localization of pulmonary nodules also has been described 26, 27 ; however, this technique is difficult to master and requires the lung to be completely deflated, which often is difficult to achieve in the presence of chronic obstructive pulmonary disease and adhesions.
CT-guided percutaneous placement of fiducials for localization also has been used; however, if placed, the fiducial should be found and resected with the specimen. Complications of fiducial dislodgement, embolization, migration, and parenchymal hematoma have been described. 8 All these techniques with the exception of intraoperative ultrasound usually require being placed preoperatively in a different location than the operating room and by a different physician than the surgeon. Frequently, these procedures also are performed a day or more before the operation, and thus when a complication does occur, such as a pneumothorax or hemothorax, there is a potential for delay in both the evaluation and management of the patient. In addition to the safety concerns, there are issues of overall cost of requiring 2 procedure rooms with 2 clinical teams on top of the discomfort and inconvenience for the patient.
ENBL for resection of IPNs has been described previously in a few studies. 22 described a study of 6 patients who underwent preoperative ENBL using MB for surgical resection by VATS. Pleural staining by dye was visible thoracoscopically in all 6 lesions, which were all fully excised by wedge resection. Table 6 outlines the characteristics of these reports and compares them to this one. Direct injection of ICG into tissues has been used for NIR fluorescence image-guided surgery has been performed by in patients with gastric, [35] [36] [37] breast, [38] [39] [40] [41] and skin 42, 43 cancers. This has been used mainly for sentinel node detection and the same concept has been applied to lung cancer surgery by thoracoscopic injection of ICG around the tumor. 30, [44] [45] [46] [47] [48] [49] It also has been injected into lung tumors for photothermal ablation. 50 Its use for localization by ENBL guidance has only been described in a porcine animal model. 51 Our study is the largest to date to describe the technique of ENBL in 51 patients with 54 IPNs for sublobar resection. It is also the only one to describe the use of NIR fluorescence for this technique. It describes our evolution in marker use and shows that our current combination of MB, ICG, and Isovue is ideal for this procedure and easily reproducible. It also describes how ENBL can be performed intraoperatively by the thoracic surgical team. It is important to stress that ENBL was only performed for those nodules deemed to be potentially difficult to localize by minimally invasive surgical techniques based on size, depth, or density.
In our study, the dye was clearly visible in all 54 nodules (100%). The localization success rate of the technique was 98.1%, with a false-positive rate of 1.9%. No adverse events were related to the placement of the dye marker. Sublobar resection of the nodule was accomplished in all 51 patients (100%), and 96% of the procedures were completed in a minimally invasive fashion (RATS or VATS). We believe this accounts for our low morbidity and short hospital stay.
ENBL does add extra costs, and further studies will be needed to investigate its cost effectiveness. The cost, however, may be offset when other factors, such as operating room time and shorter hospital stay, are taken into account. Our study is not without limitations. It is a retrospective, nonrandomized study, which creates possible selection and chronological biases. We believe this was circumvented in part by having a multidisciplinary decision for performing ENBL on each patient in the study. Although 21.5% of our patients had benign diagnoses, the risk of malignancy was felt to be sufficiently high in these patients to warrant surgical resection. This incidence is in the range reported by other studies of 9% to 40%.
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CONCLUSIONS
ENBL is a safe and accurate intraoperative modality for targeted sublobar resection of IPNs that are deemed difficult to localize. Prospective randomized studies are needed to further substantiate these findings. This technique may help avoid the need for conversion to open surgery or for requiring larger resections. It also may help compensate for the lack of tactile haptic feedback associated with minimally invasive surgery.
Webcast
You can watch a Webcast of this AATS meeting presentation by going to: http://webcast.aats.org/2016/Video/ Tuesday/05-17-16_Room_337_0800_Abbas-800.mp4.
